Abstract. In terms of geometry, various types of solder samples have been used in the literature to perform tensile experiment to investigate the mechanical behaviour of solder materials. Most of the studies focused on the plastic behaviour under complicated service environment. Nevertheless, there was usually no such a detailed description about Young's modulus due to the softness of solder material. In this paper, the disadvantages of existing experimental approaches to measure Young's modulus is discussed. In order to properly evaluate the magnitude of Young's modulus, finite element simulations are conducted for the dog-type tensile specimens which have been widely adopted for tension testing of metallic materials. Based on the elastic stage response, the Young's modulus can be corrected based on the proposed relationship between overestimated ratio of displacement and clamped length. Similarly, the Young's modulus of different types of tensile specimens can be assessed and corrected. This finite element-based approach can overcome the dramatic deformation at localized yielding positions along the gauge length when the applied stress is greater than the yield strength of solder material. More importantly, the correction does not influence the yielding and hardening stages.
Introduction
Due to the toxicity of lead to environment and human health as legislated by RoHS [1] , solder materials in the electronic packaging industry are evolving to lead-free. Sn-3.0Ag-0.5Cu (SAC305) solder is one of the most promising alternatives due to outstanding mechanical and electrical properties [2] . Extensive numerical and experimental studies on the mechanical behaviour of SAC305 solders have been conducted [3] [4] [5] [6] [7] . However, there is no specific design standard for solder materials to date. So, experimental results regarding Young's modulus scatters significantly. For instance, the Young's modulus data reported in NIST (National Institute of Standards and Technology) [8] ranges from 15.7 MPa-38.1 MPa for Sn-37Pb solder and, 26.2 MPa-56 MPa for Sn-Ag-Cu series lead-free solders under tensile stress, even though Young's modulus essentially depends on the working temperatures and strain rate if any.
Regarding experimental technique, nanoindentation experiment is capable to measuring the Young's modulus [9, 10] based on a continuous stiffness measurement (CSM) technique [11] , but the accuracy is affected by pile-up deformation at the indentation as the contact depth obtained from analytical analysis might be different than the actual one [12] . This will make the measured value for Young's modulus greater than the actual value. Alternatively, in order to evaluate the constitutive behaviour of solder material, uniaxial tensile or compressive tests are usually performed using the plate-type or round-bar specimens with different dimensions [13] [14] [15] . Because of the softness of solder material, no extensometer was used in constitutive experiments due to the mounting difficulty without introducing defects at sharp contact locations. For convenience, the moving distance of clamps in the mechanical test machine is usually employed to calculate the strain at the gauge length. Apparently, the deformation contribution of the grip section is neglected. If the recorded deformation is regarded as the deformation of gauge length, the calculated elastic modulus will be lower than the actual value. As the dramatic deformation occurs at localized yielding positions along the gauge length when the applied stress is greater than the yield strength of solder material, the elastic modulus requires to be corrected by proposing a novel yet convenient way.
Finite Element Simulation
In this study, the tensile dog-bone specimen is adopted based on ASTM E8/E8M [16] for tension testing of metallic materials. It is regulated that the thickness should be between 0.1mm and 3.0mm, thus the geometrical details of specimen are correspondingly designed by proportional to the standard one as shown in Figure 1 . Regarding boundary condition, three typical clamping scenarios are numerically analyzed, that is, clamped length along the grip section is 0.0 mm (fully free denoted as Case 1), 20.613 mm (half clamped denoted as Case 2) and 41.225 mm (fully clamped denoted as Case 3). Static analysis in ABAQUS [17] is performed for dog-bone type solder specimens subjected to the same displacement of 15 mm. As this study focuses on the elastic response, perfectly elastic materials in numerical simulations are assigned with the elastic moduli of 50 GPa and 10 GPa and the same Poisson ratio of 0.35. The range between 10 GPa and 50 GPa covers the elastic moduli of most solder materials in application nowadays. Figure 2 shows the strain distribution of dog-bone type specimens subjected to different clamped conditions. Apparently, the strain is more contributed by the solder material within the gauge length, but the part in the clamp also deforms slightly. Therefore, the elastic response of the whole tensile specimen is the combined tensile behaviour of both grip section and gauge length rather than the contribution of gauge length itself as usually assumed. This make the present work important to investigate the approach to correct the Young's modulus based on the elastic response of the whole tensile specimen. As shown in Figure 3 and Figure 4 , three positions are selected to evaluate the stress-strain response for each case. For the position at 'Clamped end', the strain response is calculated based on the applied displacement with the gauge length of 30.0 mm by assuming there is no deformation contribution from grip section. For the position at 'Gauge length', the deformation is measured as the displacement difference at two nodes of the end of gauge length. For both positions of 'Clamped end' and 'Gauge length', the stress response is calculated by dividing the applied force at the clamped ends by the cross-sectional dimension of 2.0 mm × 3.0 mm. For the position denoted by 'Material response', the stress-strain response at the center node of gauge length is output directly from finite element analysis, which can be regarded as the material response and should be identical to the assigned elastic property. As demonstrated by Figure 3 and Figure 4 , the measured stress-strain responses at the positions denoted by 'Gauge length' and 'Material response' are almost the same and well agree with the elastic behaviour as expected. However, the global responses from the clamped ends of solder specimen obviously underestimate the elastic modulus. This means the deformation in the grip section and fillet does contribute to the global displacement and should be taken into account when calculating the stress-strain responses. Therefore, when more length is clamped, the corresponding the stress-strain response is more approaching to the actual behaviour.
Result and Discussion
Considering the irregular dimension along the specimen length, the overestimate ratio of displacement is represented in Figure 5 with the variation of clamped length. Note that the overestimate ratio of displacement is defined as the ratio between applied displacement and the displacement measured between the ends of gauge length. So, the overestimate ratio of displacement can be utilized later to convert the Young's modulus calculated based on global response to the actual value due to material intrinsic property.
Furthermore, the numerical predictions are well regressed to a linear function with clamped length. The coefficient of determination, denoted as R 2 , is adopted to quantify how well the regression line predicts the actual data from a statistical point of view. The more closed to 1.0 the value of R 2 is, the better the correlation between numerical prediction and fitting curve is. It should be emphasized that by comparing the numerical results in Figure 3 and Figure 4 , the displacement and strain distributions are the same and therefore, the regression is independent of the value of elastic modulus as attained in Figure 5 . In the light of difficulty to use an extensometer along the gauge length and quantify an accurate priori value of elastic modulus, the stress-strain responses at the position denoted by 'Clamped end' are usually measured in constitutive experiments and can be conveniently corrected based on the regression formula as proposed in Figure 5 to remove the assumption of no deformation in the grip section and fillet for dog-bone type specimen in Figure 1 .
For instance, an elastic modulus of 26.66 GPa is measured based on the applied force and displacement at the clamped ends when the clamped length in the grip section is 20.613 mm. Based on the linear regression formula in Figure 5 , the overestimate ratio of displacement is about 1.869 and therefore the elastic modulus is corrected as 26.66 GPa×1.869 = 49.83 GPa which is satisfactorily closed to the actual property of solder material. 
Summary
Based on elastic analysis using finite element method, a simple approach is proposed in this paper to correct the value of Young' modulus according to the load-displacement response of dog-bone specimen under tensile stress. This finite element-based approach can convert the measured Young's modulus from applied load-displacement response to the actual value of lead-free solder, which is independent of the applied boundary condition. Therefore, the correction does not influence the yielding and hardening stages. Due to the calculation simplicity, the proposed method can be similarly used for different types of specimens in terms of geometry. 
